The pH localization phenomenon during electrophoretic deposition (EPD) of the MAX phase-Titanium silicon carbide (Ti 3 SiC 2 ), from suspension in aqueous and mixed (water-ethanol) solvent was experimentally verified in presence of a cationic dispersant, polyethyleneimine (PEI). The local pHs at the electrodes were dependent on solid loadings of the suspensions; pH localization was pronounced at lower solid loading. Higher solid loading resulted in thicker deposits, shielding the electrode surface and hindering direct interaction of the electrode with the particles, thereby suppressing the change in local pH. Comparison of local pH at cathode during EPD from aqueous and mixed solvent revealed a delay in the attainment of isoelectric point (IEP) at the vicinity of electrode and slower deposition rate for mixed solvent. A necessity of concurrence between the IEP of the material and the local pH at the deposition electrode for a given system was established for the formation of good deposits.
Introduction
Titanium Silicon Carbide (Ti 3 SiC 2 ) is one of the M n+1 AX n (MAX) phaseslayered ternary carbides and nitrides with a hexagonal crystal structure. MAX phases have a unique combination of metallic and ceramic properties. 1)4) They are typically good thermal and electrical conductors apart from being thermal shock-, wear-, and oxidation resistant, and damage tolerant.
1)4) These properties of the MAX phases make them possible candidates for industrial applications in high temperature and/or corrosive environments, as electrical contacts, contacts for 2D electronic circuits, as wear protective and lubricant coatings. 5),6) Till date MAX phase thin films have been fabricated by vacuum based fabrication techniques like Pulsed Laser Deposition (PLD) and Magnetron Sputtering (MS).
5)7)
However, these techniques have slow deposition speed, composition of these deposits can be non-uniform and scale-up to larger and complex shaped substrate is difficult. An alternative deposition technique is much needed to overcome the above said lacunas. Electrophoretic deposition (EPD) provides such a thin film forming approach. It offers the advantages of short formation time, little restriction on shape of substrate, suitability for mass production, and easy control of thickness and morphology of deposits. 8) It is a versatile colloidal process of ceramics to develop free standing films, thin/thick coatings on variety of substrates, and because of several advantages compared to other forming processes, it has been applied in many fields, such as fabrication of dielectric films, 9),10) electrochromic films, 11), 12) lithium batteries, 13) 15) fiber-reinforced composites, 16) , 17) solid oxide fuel cell laminates, 18)20) phosphor films 21), 22) etc. It can form denser and more homogeneous green bodies as compared to those prepared by dry processes. EPD is also suitable for the production of thickness-controlled laminates with good adherence between the layers. 23 )25) Unlike slip casting, in which the casting rate decreases with smaller particle size owing to decreased pore channel for drainage of the solvent, the deposition rate is independent of the particle size in EPD as the particles move under the influence of an electric field. 8) In EPD, the charged particles in suspension migrate to oppositely charged electrode and get deposit there under the influence of an applied electric field. Since a part of the electrical field lines are curvilinear, the coating and shaping on curved and uneven surfaces is also possible by EPD. 8) Further, EPD application conducted under strong magnetic fields has resulted in texture development in polycrystalline ceramic materials. 26 ), 27) Elucidation of the mechanism of deposit formation during EPD in various ceramic systems is important to obtain good deposits. Unfortunately, the EPD mechanism remains elusive in spite of the widespread application of the process. Several mechanisms 28)32) have been proposed by different researchers to explain the experimental results. One of the most accepted mechanisms of EPD until now has been given by Sarkar and Nicholson, 31) where they suggest distortion and thinning of the electrical double layer envelope around the particles by prevailing fluid dynamics due to the applied electric field. They propose chemical reactions of excess co-ions with the counter ions of the extended double layer tail, thus reducing its thickness and facilitating particle coagulation. De and Nicholson 32) noted that the co-ions concentration should be a function of position and time in the EPD cell. They developed a model and showed by theoretical calculations that the H + concentration gets depleted near the cathode by discharge at the electrode, and hence creates a 'rising local pH' at the vicinity of the cathode. This phenomenon of changing (rising/lowering) of the local pH at the vicinity of the electrodes (cathode/anode) in an Electrophoretic/ electrolytic cell has been termed as the pH localization. 33 ), 34) Besra et al. 33) experimentally verified the pH localization theory of De and Nicholson for a 5 vol % alumina suspension through the application of continuous as well as pulsed DC during EPD. They showed the evidence of sharp pH increase in the vicinity of the cathode and concurrent decrease in pH near the anode. Their study was confined to a single initial bulk pH value of 4.5. In our previous work 34) we studied the pH localization phenomenon as a function of the initial bulk pH during water electrolysis under the influence of a constant DC voltage. No pH localization effect was detected during water electrolysis at extreme pH (2.4 and 11) values, whereas for the intermediate ranges of starting pH (4.2 and 6.6), significant pH localization effect was observed. The effect of pH localization on deposit formation was also studied using a model system, namely, mono disperse polystyrene sphere at starting pH of 6.6.
In this work we investigated and verified the occurrence of pH localization during EPD of ternary MAX phase carbide: Ti 3 SiC 2 from aqueous as well as ethanol-water based mixed solvent. We intend to prepare thin films of Ti 3 SiC 2 on ceramic substrates e.g. Al 2 O 3 as a model for application in wear resistant electrical contacts for 2D electronic circuits to be used in high temperature, corrosive environments. An extensive investigation of the suspension electrophoretic characteristics is necessary in order to perform EPD. However the processing of MAX phase carbides by inexpensive colloidal route is sparse, possibly because the MAX phases contain more than one IEP determining surface groups [ÔTiOH, =SiOH, OTi(OH) 2 ], resulting in complex suspension properties compared to the oxide suspensions. 35) A cationic surfactant, polyethyleneimine (PEI), was used as dispersant to overcome the complex surface groups of Ti 3 SiC 2 and simplify the suspension characteristic. The suspension electrophoretic characteristics were studied via pH localization and possibility of deposit formation by cathodic EPD was verified. The necessity of concurrence between the IEP of the suspension and local pH at the deposition electrode, for deposit formation was established. A delay in the attainment of IEP near the vicinity of the deposition electrode was observed in case of the mixed suspension along with a slower deposition rate. This slower deposition rate facilitated formation uniform, crack and ridges free deposits.
Experimental

Powder and reagents
High purity Ti 3 SiC 2 (TiC impurity ³3%), synthesized from elemental Ti, Si, C was used in this study. The elemental powders taken in the molar ratio3:1.2:2 were dry-mixed for 12 h and formed in to green compacts applying a minimal pressure (5 MPa) prior to pressureless solid state reaction synthesis done at 1500°C in argon atmosphere. The synthesized product was pulverized by a stamp mill (Ito Seisakusho Co. Ltd., Japan) and milled in a Si 3 N 4 jar (Si 3 N 4 balls: powder = 3:1) for 24 h by a planetary mono mill machine (Pulverisette 6, Fritsch GmbH, Germany) with 180 rpm in ethanol. After drying in air, powder was sieved with 100-mesh screen. Phase analysis, microstructural characterization and particle size distribution of the synthesized powder were carried out by XRD (RINT 2500, Rigaku Corp., Tokyo, Japan), SEM (SEM, TM3000, Hitachi Miniscope) and particle size analyzer (Microtrac), respectively. Polyethyleneimine (PEI), molecular weight of 10000 with a general chemical formula of [CH 2 CH 2 NH]n (Wako Pure Chemical Industries Ltd. Tokyo, Japan), was used as a cationic dispersant. The unionized or partially ionized PEI readily adsorbs to the negatively charged surface and thus provides electrosteric stabilization. 36 )38) pH of water meant for electrolysis experiments was adjusted by addition of 0.1 M HCl and 0.1 M NaOH. Nitric acid of 5 M concentration was used as a pH adjuster for suspensions prepared for EPD. Reagent grade ethanol was used to prepare the mixed solvent. KCl was used for adjusting the conductivity of water in the water electrolysis experiments.
Zeta potential measurements
The zeta potential measurements were carried out using a MALVERN Zetasizer (Malvern, Worcestershire, United Kingdom). A suspension of very low solid loading (0.008 vol %) with varying amounts of PEI, was used for performing the zeta potential measurements (at natural pH) in water and ethanol solvents. Then the isoelectric point (pH iep ) was determined by varying the pH from acidic to basic range with and without PEI.
Study of pH localization during EPD of Ti 3 SiC 2
Suspensions of varying solid loading 110 vol % were used for studying the effect of pH localization during the EPD of Ti 3 SiC 2 . Both water and water-ethanol mixtures (in the ratio 1:1 (referred to as mixed solvent throughout the text)) were used for preparing suspensions in this study. The suspensions were ultrasonicated at 1200 W for 10 min to break up the agglomerates before EPD. EPD was conducted with palladium sheets as cathode and counter electrode to suppress bubble formation. The deposit area on the electrode was fixed as 1 cm © 1.5 cm and the interelectrode distance was maintained at 2 cm. Constant voltage DC was applied to the electrodes using a DC source meter (Keithley, Model 2410). An electric field of 25 V/cm was maintained in all EPD experiments.
The starting bulk pH of the suspensions was adjusted to pH³7. Suspensions without dispersant, PEI were maintained at pH³5. The measurements of local pH at the deposition electrode during EPD from suspensions of various solid loading were performed at different time intervals (5 s900 s) by removing a 50¯L aliquot from the suspension near the vicinity of the deposition electrode during EPD onto an ion-sensitive field effect transistor (IS-FET) pH meter (Model no: S2K712) (Fig. 1) . For thick (>2 mm in thickness) deposits the local pH was measured by smearing the deposit on to the electrode of the pH meter immediately after deposition.
33) The electrodes of this pH meter are compactly placed at its tip. The 50¯l aliquot from the suspension and the thick deposits smeared immediately on to the electrode of the pH meter gave reproducible measure of pH. The pH values reported in this paper are an average of three measurements.
In order to determine the deposit yields, palladium electrodes were weighed prior to the EPD and after each time interval of the deposition. The electrode was carefully withdrawn from the suspension and dried at RT for 24 h before measuring the deposit yield.
Simulated water electrolysis
To simulate 10 vol % Ti 3 SiC 2 suspension in aqueous and mixed solvent, the electrical conductivity of the suspensions and solvents (without powder) was measured by an electrical conductivity meter (CM-25R, CT 57101B, Analyticon Instruments Corporation, New Jersey, USA). The pH and conductivity of solvents were adjusted to be similar to that of the 10 vol % suspensions prepared in aqueous and mixed solvent (Aqueous solvent: pH = 6.7, Conductivity = 60 mS/m, Mixed Solvent: pH = 7, Conductivity = 10 mS/m). The measurement of pHs near electrode was made during electrolysis by removing a 50¯L aliquot from the suspension near the vicinity of the deposition electrode during EPD onto an ion-sensitive field effect transistor (IS-FET) pH meter (Model no: S2K712) (Fig. 1). Figure 2 shows the XRD for synthesized Ti 3 SiC 2 powder. Except for the peaks from Ti 3 SiC 2 , very weak peaks of TiC were detected. Considering a two phase system, calculation based on Eq. (1) 38) reveals 9798% phase purity of the as synthesized powders. Figure 3 shows the SEM image of the pulverized powder. Plate-like particles can be noted which >1¯m in size. The particle size measurement show that the mean size was d 50 = 0.65¯m after 24 h ball milling. This size was suitable for preparing stable colloidal suspensions for EPD.
Results and discussions
Particle characterization
Optimization of dispersant dosage in water and mixed solvent
Optimization of dispersant dosage was carried out by measuring zeta potential of 0.008 vol % suspension (aqueous and ethanol) containing varying amounts of PEI. It was seen that a minimum amount of PEI was needed for the Ti 3 SiC 2 powders to attain high surface (0.25 (ethanol)0.3 (aqueous) mg/g of dry powder). However during EPD from suspensions with higher solid loading, it was observed that the suspension was not stable at the optimized dosage obtained from zeta potential measurement. Sedimentation tests conducted for 24 h showed that stable suspensions were obtained at excessive PEI concentration of 10 mg/g of dry powder. Zeta potential measurements at varying pH were also performed for suspensions with 10 mg/g PEI. 10 mg/g of PEI rendered higher positive charge on Ti 3 SiC 2 particles as compared to 0.250.3 mg/g of PEI over a broad range of pH. Hence, 10 mg/g PEI was maintained for preparation of suspensions in all further EPD experiments.
Isoelectric point pH iep of particle in water and mixed solvent
The stability of the suspension is dependent on the external additives such as acid & base for changing pH as the dissociation of the functional groups present in the dispersants such as amino groups and carboxylic groups is also pH dependent. But an excess amount of such additives could result in presence of excess free ions as major charge carriers. This could significantly diminish the transport number of the charged particles and adversely affect the deposition yield. Figures 4(a) and 4(b) show the variation of zeta potential with pH in water and mixed solvent, respectively in absence and presence of the dispersant PEI. The IEP of Ti 3 SiC 2 was found to lie around the pH³4.5 without dispersant in water, around pH³10.5, with 0.3 mg/g dispersant in water (Fig. 4(a) ), around pH³7.5, without dispersant in ethanol and around pH³11 with 0.25 mg/g dispersant in ethanol (Fig. 4(b) ). The IEP clearly shifts to higher values in case of ethanol. This can be accounted, since the pH scale for water ranges from 0 to 14 and for ethanol from 0 to «18, the IEP is shifted as well. 39) 3.4 pH localization during electrolysis of aqueous and mixed solvent at simulated condition Figure 5 shows the variation of pH near cathode and anode during electrolysis of aqueous and mixed solvent simulated to the conductivity and pH of aqueous and mixed suspension. In 
JCS-Japan
aqueous medium the pH increases from 6.7 to 11 at the cathode and decrease to 3 at the anode (Fig. 5(a) ). This is analogous to our previously reported results. 34) In case of mixed solvent, an increase in pH from 7.01 to 10.1 at the cathode and decrease in pH from 6.58 to 2.3, at the anode is observed (Fig. 5(b) ). Figure 6 shows the pH variation at cathode during EPD from suspensions with solid loading of 1, 5 and 10 vol % in aqueous medium. These suspensions were prepared with 10 mg/g of PEI.
Study of pH Localization phenomenon during EPD
Within 100 s of starting, the pH increased and stabilized.
pH localization phenomenon was found to be far less pronounced in case of higher solid loading. pH localization occurs due to the uneven distribution of highly mobile H + ions in the EPD cell arising due to the interaction of the particle double layer with the electrode. In case of the suspensions with higher solid loading, the formation of thicker deposits over a short period of time hinders the interactions of the particle double layer and the electrode. This suppresses the extent of the phenomenon. However there is significant increase in local pH at the electrode towards the IEP in comparison to the initial bulk pH of the suspension. This change in environment at the vicinity of the electrode due to significant depletion of co-ions leads to loss of charge on the particles followed by coagulation and deposition. It is worth mentioning that there is an upper and lower limit to the solid loading of the suspension that can be used for EPD. A too thick suspension will not lead to adherent eletrophoretic deposition; even the electrophoretic movement is hindered by the higher viscosity. On the other hand a too thin suspension may not have enough throwing power to give significant deposition yield. Fig. 4(a) . IEP of Ti 3 SiC 2 in water without and with the dispersant PEI (optimum dispersant dosage-0.3 mg/g). Fig. 4(b) . IEP of Ti 3 SiC 2 in ethanol without and with the dispersant PEI (optimum dispersant dosage-0.25 mg/g). Fig. 5(a) . Variation of local pH at cathode and anode during electrolysis of water simulated to 10 vol % Ti 3 SiC 2 aqueous suspensions. Figure 7 shows the deposit yield at cathode during EPD from a suspension of 10 vol % solid loading of Ti 3 SiC 2 in aqueous medium. For comparison purposes, local pH variation at cathode is given in the same plot. The deposit yield seems to follow a similar pattern as the local pH though fluctuating slightly in the initial 60 s (Fig. 7) . A maximum yield is observed over extended period of time at 900 s. However thick deposits start to form by 60 s when the local pH at the cathode is closer to the IEP of Ti 3 SiC 2 ³10.5 (in water with PEI). The deposit yield increases over extended deposition time.
The initial fluctuation of deposit yield and local pH at the cathode was also observed for the case of Ti 3 SiC 2 suspension prepared in mixed solvent (Fig. 8) . The local pH increases, however the extent of increase is less in comparison to the aqueous suspension. The pH increases from pH = 6.7 to pH = 7.6 (which is relatively closer to the IEP of Ti 3 SiC 2 (pH³11) in ethanol) at 300 s. Formation of thick deposits occurred at 300 s. The deposits got thicker with time reaching a maximum yield at 600 s and remaining almost constant afterwards. There are fluctuations in the local pH at the initial period of time within 60 s and the initial deposit yield also fluctuates until the pH starts changing significantly towards basic pH³11. The initial deposit yield, within 60 s is not significant and cannot be accounted for by the pH localization. The initial fluctuation in local pH at the electrode was also observed for polystyrene spheres used as model system in our previous work. 34) Comparison of local pH at the cathode measured during EPD from aqueous and mixed solvent revealed that the attainment of IEP at the vicinity of the electrode is delayed in case of the mixed solvent (Fig. 9) indicated by the red dotted lines on the plots)]. This can be attributed to the fact that ethanol has lower dissociative power as compared to water and the IEP in ethanol is shifted to higher values as seen from the zeta potential measurements.
39) The deposits were checked for non-uniformities and ridges. It was observed that uniform deposits devoid of ridges and cracks could be obtained in case of EPD from suspension prepared in mixed solvent. The delay in the attainment of IEP led to a slower rate of deposition which in turn resulted in more uniform deposits.
Below IEP Ti 3 SiC 2 particles are sufficiently positively charged (IEP³4.5 in aqueous suspension and 7.5 in mixed solvent, Fig. 4 ). Hence to avoid dispersant addition we conducted EPD from suspension of 5 and 10 vol % solid loading in mixed solvent maintained at pH³5. The deposit yield was very poor. In acidic condition pH localization is suppressed; 34) charges on the particles near deposition electrode remain unaffected due to a mismatch between the local pH at the cathode (pH³11) and the IEP of the particles ³4.5. Particles driven towards the electrode by electrophoretic forces could not loose charge and form deposits due to deviation of the local pH at the deposition electrode from the IEP of the particle. This establishes the concept that in order to have a good deposit, local pH near deposition electrode should be as close to IEP of the particles as possible. It also confirms the findings of Besra et al.in order to get good adherent deposits on the starting bulk pH should be away from the IEP of the particle in suspension. 40) In this case we started with a bulk pH³5 which is very near to the IEP³4.5 in water (without PEI). The addition of the dispersant PEI shifts the IEP towards pH³11 (Fig. 4) . The local pH at the cathode increases to 10 for 1vol % aqueous suspension prepared with PEI while for higher solid loadings5 and 10 vol %the local pH at the cathode increases to pH³8. This relative increase in local pH towards the IEP of the particles in suspension effectively reduces the surface charge on the particles that have migrated to the vicinity of the electrode and promotes coagulation and formation of deposits.
In order to sum-up the deposition mechanism, we present a simple schematic representation (Fig. 10) of the events occurring in a suspension under an applied electric field. The particles in the suspension, stabilized by various means and driven by the electrophoretic force, migrate in the medium along with the co-ions, and reach the substrate. At the substrate, due to the electrodeparticle interactions, the co-ions get depleted and the local pH at the vicinity of the electrode changes towards the IEP of the material in that particular medium. Eventually particles with thinned double layers coagulate and get deposited on to the electrode. 31)34) In case of positively charged particles, the electrophoretic movement is towards the cathode, where the coions (H + ) get depleted resulting in a raise in local pH towards ³11. If the particles in suspension have IEP³11 they loose charge in the vicinity of the cathode and get deposited. In case of negatively charged particles, the movement is towards the anode where the co-ions (OH ¹ ) get depleted resulting in a lowering of pH. If the particles in suspension have IEP³3 (in the acidic pH range) then they loose charge in the vicinity of the anode and get deposited.
Conclusion
The pH localization phenomenon during EPD was experimentally verified for the ternary MAX phase carbide Ti 3 SiC 2 and studied for aqueous and mixed suspension. A delay in the attainment of IEP near the vicinity of the deposition electrode was observed in case of the mixed suspension along with a slower deposition rate. This was attributed to the lower dissociative power of ethanol and to the fact that IEP shifts to higher value in alcoholic suspension. Uniform deposits devoid of ridges and cracks could be obtained from suspension prepared in mixed solvent due to slower deposition rate.
The pH localization effect appeared to be suppressed over extended periods of time during EPD from suspensions of higher solid loading. The simplistic view of the phenomenon of pH localization remains intact irrespective of the various surface determining groups present in MAX phase suspension in presence of the dispersant, PEI. pH localization was also studied in case of suspensions without PEI which revealed necessity of concurrence between the local pH at the deposition electrode and the IEP of the particle for the formation of good deposits.
